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The electronic structures and optical properties of graphyne consisting of sp- and sp2-hybridized carbon atoms are studied using 
first-principles calculations. A tight-binding model of the 2pz orbitals are proposed to describe the electronic bands near the Fermi 
level. The results show that the natural band gap of graphyne originates from the inhomogeneous  bindings between different-
ly-hybridized carbon atoms. The interlayer interactions of bulk graphyne narrow the band gap to 0.16 eV and result in redshift of 
the optical spectral peaks as compared to single-layered graphyne. 
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The successful fabrication of graphene [1] has aroused in-
creasing interest worldwide due to its intriguing electronic 
properties and promising applications in electronics [2,3]. 
Graphene-based electronics promise to overcome the limi-
tations of silicon technologies [4], and may even replace 
silicon in future solid state devices [5]. However, semime-
tallic graphene requires modification to open up a band gap 
which is essential for logic circuits [6] and other electronic 
device applications. Different attempts, such as hydrogen-
ating graphene to graphane [7–9], patterning graphene into 
nanoribbon [10], forming graphene quantum dots [11], and 
applying uniaxial strain on graphene [12], have been made 
to reach this goal. Up to now, tuning the band gap of gra-
phene in a wide range remains challenging. Therefore, 
searching for novel carbon allotropes with layered struc-
tures and a natural band gap is desirable. 
Graphyne is another hypothetical carbon allotrope pro-
posed by Baughman et al. [13], which consists of sp- and 
sp2-hybridized carbon atoms. It is well-known that -  
conjugated molecules are promising candidates for molecu-
lar-based electronics [14,15]. In contrast to graphene with 
identical  bindings, graphyne has three types of  bindings, 
C(sp2)–C(sp2), C(sp)–C(sp2), and C(sp)–C(sp), as shown in 
Figure 1. A number of theoretical calculations on graphyne 
monolayer [13,16–19] and graphyne-related nanomaterials 
[20–22] have been performed to reveal their unique proper-
ties and potential applications. First-principles calculations 
showed that single-layered graphyne is semiconducting with 
a small direct band gap of ~0.5 eV at M point [16]. The nat-
ural band gap feature has also been found  
 
 
Figure 1  (Color online) Top view of single-layered graphyne in a 2×2 
supercell. The dashed lines indicate a unit cell. C1 and C2 represent the sp
2- 
and sp-hybridized carbon atoms, respectively. 
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in other two-dimensional carbon-based materials, such as 
polyphenylene [23]. However, the origination of the natural 
band gap in graphyne remains unclear. How the inhomoge-
neous  bindings in graphyne network affect the electronic 
and optical properties of graphyne has never been addressed 
in previous works. Compared with the great successes of 
tight-binding (TB) model in reproducing the electronic 
properties of graphene, the TB model of graphyne which is 
very important for revealing its unique properties has not 
been proposed to date. Theoretical works on these issues are 
quite interesting from the points of view of basic research 
and potential applications of graphyne in building nano- 
devices.  
In this contribution, based on first-principles calculations 
and tight-binding model, we demonstrate that the features of 
the bands in proximity to the Fermi level of graphyne are 
mainly dominated by the  electrons, which possess two 
band gaps locating at M 0(1/2, 3/6)(2π / )a  and M* (4/9,0) 
0(2π / )a  points (a0 is the lattice constant of graphyne), re-
spectively. The weak  binding between C(sp)–C(sp2) 
compared to other  binding opens a small band gap at M 
point, while the band gap at M* is the feature of graphyne 
lattice. These two band gaps are responsible for the highest 
peaks in the absorption spectrum at low energy region. The 
interlayer interactions in bulk graphyne narrow the band gap 
and result in redshift of optical spectral peaks, compared to 
the single-layered graphyne. The dual-band-gap feature of 
the  electrons in graphyne may find applications in future 
electronic and optoelectronic devices. 
1  Methods and computational details 
We performed first-principles calculations using the plane 
wave basis Vienna ab initio simulation package known as 
VASP code [24], implementing the density functional theo-
ry (DFT) and the projector-augmented wave (PAW) pseu-
dopotentials [25,26]. The electron-electron interaction was 
treated within the generalized gradient approximation (GGA) 
in the form of PW91 exchange-correlation functional [27]. 
The positions of all the atoms and the size of the supercell 
were fully optimized without any symmetric restrictions, 
using conjugate gradient (CG) procedures. The energy cut-
off adopted for plane wave expansion of electron wave 
functions of C atoms is 400 eV. Two-dimensional periodic 
boundary conditions were applied to the single-layered 
graphyne while a vacuum spacing of 20 Å was set along the 
direction perpendicular to the graphyne basal plane to avoid 
the mirror interaction. For structural optimization, the Bril-
louin zone (BZ) was sampled on grids of 6×6×1 k-points 
within the Monkhorst-Pack scheme [28]. Forces were con-
verged to 0.02 eV/Å and the total energy was obtained with 
0.1 meV precision. Based on the optimized configurations, 
band structures were calculated using 10×10×1 Monk-
horst-Pack k-grid. For three-dimensional (3D) graphyne, the 
structural optimization and band structures were calculated 
using 6×6×6 and 10×10×10 Monkhorst-Pack k-grid, sepa-
rately. 
2  Results and discussion 
The atomic structure of graphyne can be described by re-
placing one-third of the carbon-carbon bonds in graphene 
by –C≡C– linkage. Obviously, there are two nonequivalent 
carbon atoms in graphyne network. One is sp2-hybridized 
(labeled as C1) forming hexagons and another is sp-    
hybridized (labeled as C2) connecting the hexagons, as 
shown in Figure 1. In the optimized configuration, the bond 
length between two sp2-hybridized carbon atoms is 1.42 Å, 
suggesting that the -conjugate feature of graphene is kept 
in the hexagons. The short distance between sp-hybridized 
carbon atoms (1.22 Å) in the chain indicates that a C≡C 
triple bond is formed between them. It is noteworthy that 
the bond length between C1 and C2 atoms (1.40 Å) is much 
shorter than that of the typical single bond (~1.5 Å), imply-
ing the  binding between them. The optimized lattice con-
stant a0 is 6.86 Å, in good agreement with other DFT calcu-
lations [16]. Due to the existence of two-fold coordinated 
(sp-hybridized) carbon atoms in graphyne, it is energetically 
unfavorable than graphene by about 0.63 eV/atom. Howev-
er, our results indicate that graphyne is energetically more 
stable than the already-synthesized graphdiyne [29] by 
about 0.19 eV/atom.       
The carbon-carbon bond length distribution in graphyne 
suggests that the coupling between C(2pz) orbitals forms 
conjugate  orbitals on the graphyne basal plane. How the 
-conjugated orbitals dominate the electronic structure of 
graphyne becomes quite interesting. Figure 2 shows the  
 
 
Figure 2  Calculated band lines of single-layered graphyne along high 
symmetry points in the region near the Fermi level. The Fermi level is 
indicated as the dot line. The second maximum (minimum) of the valence 
band (conduction band) is located at M*. VB1 (CB1) and VB2 (CB2) repre-
sent the nearest and the second nearest valence (conduction) band to the 
Fermi level, respectively. 
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calculated band structure of single-layered graphyne. Dif-
ferent from zero-band-gap graphene, graphyne has a small 
band gap of 0.46 eV at M 0(1/2, 3/6)(2π / )a point and a 
large band gap at M* 0(4/9,0)(2π / )a  point which is 
one-third from the K 0(2/3,0)(2π / )a  to the Γ(0,0)(2/a0) 
point. The effective masses of the valence (mv) and conduc-
tion (mc) bands at these two points along different directions 
are: mc(ΓM) = 0.25 m0 and mv(ΓM) = 0.28 m0, mc(KM) 
= 0.11 m0 and mv(KM) = 0.12 m0, mc(KM*) = 0.19 m0 and 
mv(KM*) = 0.22 m0, mc(ΓM*) = 0.13 m0 and mv(ΓM*) = 
0.15 m0, respectively, where m0 is the mass of a free elec-
tron. The anisotropic effective masses are very small com-
pared to typical semiconductors, indicating high carrier mo-
bility of this material. This is in good agreement with the 
experimental findings in graphdiyne [29]. 
It is interesting to see that although both graphene and 
graphyne have conjugated  electrons, their electronic band 
structures differ significantly. To reveal the origination of 
such difference, we plotted the valence electron density 
isosurfaces of graphene and graphyne in Figure 3(a) and (b). 
It is clear that the valence electrons in graphene are disper-
sive, whereas those in graphyne are somewhat localized, 
especially in the region between C1 and C2. To illustrate this 
difference more clearly, we plotted the isosurfaces of the 
charge density projected onto the VB1 and CB1 states at M 
point, and onto the VB2 and CB2 states at M* point in Fig-
ure 3(c)–(f), where VB1 (CB1) and VB2 (CB2) represent the 
nearest and the second nearest valence (conduction) band to 
the Fermi level, respectively. Obviously, these states origi-
nate from the C(2pz) orbitals perpendicular to the graphyne 
plane. The VB1 state arises from the  interaction between 
the sp2-hybridized atoms (in hexagons) and between sp- 
hybridized carbon atoms (the two atoms connecting the 
hexagons), whereas the CB1 state comes from  interaction 
between C(sp2) and C(sp). Similar features have also been 
found for the VB2 and CB2 states at M* point. This suggests 
that the  binding strengths are no longer identical in 
graphyne, which may be responsible for the opening of the 
small band gap at M point.  
To address the origination of the dual-band-gap feature 
 
 
Figure 3  (Color online) The isosurfaces of the total charge density of 
graphene (a) and single-layered graphyne (b). Isosurfaces of the charge 
density of the states corresponding to the VB1, CB1 at M point and VB2, 
CB2 at M* point are plotted in (c)–(f), respectively. The isovalues of (a), (b) 
and (c), (f) are 0.25 and 0.01 e/Å3, respectively. 
of graphyne, we present a simple TB model. Because DFT 
calculations have shown that the band lines in the vicinity of 
Fermi level are mainly contributed by the C(2pz), only the 
pz orbitals are taken into account in this TB model for sim-
plicity. According to nearest-neighboring approximation, 
the electron hopping between adjacent sites can be charac-
terized by three parameters: t1, t2, and t3, which correspond 
to the hopping integrals between C(sp2)–C(sp2), C(sp2)– 
C(sp), and C(sp)–C(sp), respectively, as shown in Figure 
4(a). A Hamiltonian with a 12×12 dimensionality can be 
constructed. By diagonalizing this Hamiltonian at different 
wave vectors (k), band structures are obtained, as shown in 
Figure 4(b) and (c). Obviously, the profiles of the band lines 
depend on the nearest-hopping integrals: t1, t2, and t3. The 
hopping integral t1 between C(sp
2) atoms is 2.7 eV in gra-
phene [30], but the values of t2 and t3 have not been reported. 
If the  bindings throughout graphyne are identical, i.e. 
t1=t2= t3, the valence () and conduction (*) bands touch at 
M point, as shown in Figure 4(b), whereas the band gap at 
0(4 / 9,0)(2π / )a  point still exists. However, when t2 and t3 
are different from t1, corresponding to inhomogeneous - 
interaction, a small band gap appears at M point, as shown 
in Figure 4(c). The different bond lengths between C(sp2)– 
C(sp2), C(sp2)–C(sp), and C(sp)–C(sp) revealed by first- 
principles calculations suggest that t1, t2, and t3 are different. 
The band gaps and band line profiles of first-principles cal-
culations can be well fitted by our TB model using the pa-
rameters: t1=2.7 eV, t2=2.6 eV, and t3=2.97 eV. The TB 
band gaps are 0.45 and 1.51 eV, in good agreement with the 
results of first-principle calculations, 0.46 and 1.44 eV. 
Moreover, our TB model shows that the band gaps increase 
with increasing differences between t1 and t2, and between t1 
and t3. Similar phenomenon also appears in finite-width 
armchair graphene nanoribbon [31], where the hopping pa-
rameter (resulting from the added chemical groups) can 
significantly affect the electronic properties. For example, 
for the ribbon width n=3p+1, the energy gap of hopping 
parameter t1=t=2.7 eV is zero, which becomes independent 
of ribbon width n. But for t1=1.2t, the energy gaps open and 
gradually decrease as the increase of ribbon width. Both 
first-principles calculations and TB model demonstrated 
that the states contributed by the  interaction of 2py orbitals 
on the graphyne basal plane between C(sp)–C(sp) are highly 
localized and the corresponding band lines are away ( >2 eV) 
from the Fermi level.  
Figure 5 shows the electron density of states (DOS) of 
graphyne in the vicinity of Fermi level. In this region, the 
valence bands and conduction bands can be characterized as 
several peaks (labeled V1, V2, V3, and V4 and C1, C2, C3, 
C4, and C5, respectively). The appearance of the band gaps 
and the peaks in DOS will affect the optical properties of 
graphyne. In this contribution, we study the optical proper-
ties of graphyne by calculating the complex dielectric func-
tion ε(ω) = ε1(ω) + iε2(ω). A knowledge of ε2(ω) allows us 
to obtain ε1(ω) using the Kramers-Kronig relation and ε2(ω)  
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Figure 4  (a) t1, t2 and t3 represent the hopping integral between C(sp2)–C(sp2), C(sp2)–C(sp), and C(sp)–C(sp), respectively. Calculated band lines using  
homogeneous hopping integrals: t1=t2=t3=2.7 eV (b), and inhomogeneous hopping integrals: t1=2.7 eV, t2=2.6 eV, t3=2.97 eV (c). 
 
Figure 5  Calculated DOS of single-layered graphyne. The Fermi level is 
indicated as the dot line. 
can be written as [32] 
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where the indices c and v refer to conduction and valence 
band states respectively, and uck is the cell periodic part of 
the wavefunctions at the k-point k. Figure 6(a) and (b) rep-
resent the real part ε1(ω) and imaginary part ε2(ω), respec-
tively. Due to the interband transition, the peak of real part 
reduces and approaches to the minimum at about 1.48 eV, 
as shown in Figure 6(a). Unlike graphene with negligible 
static dielectric constant ε1(0), the ε1(0) of graphyne is found 
to be 7.3. It is also much higher than that of C60 with a di-
rect band gap of 1.34 eV, which is 4.4 [33]. 
The imaginary part ε2(ω) of the dielectric function re-
flects the optical absorption properties of graphyne. Our 
calculations show that the first prominent peak of ε2(ω) lo-
cates at about 0.58 eV, corresponding to the small band gap 
at M point, which is the threshold for direct optical transi-
tions between the valence band maximum (VBM) and the 
conduction band minimum (CBM). The absorption intensity 
decreases with increasing photon energy with no noticeable 
absorption beyond 8 eV. The spectrum consists of seven  
 
Figure 6  Calculated real part of the dielectric function of single-layered 
graphyne (a), and imaginary part of the dielectric function of single-layered 
and bulk graphyne (b). Seven absorption peaks are labeled as A, B, C, D, E, 
F, and G, respectively. The ε2 of single-layered graphyne is enlarged to ten 
times for clearly seen. 
major structures (labeled A, B, C, D, E, F, and G), which 
can be assigned to the direct transition between occupied 
states and empty states as follows: A, the gap; B, V1→C1; C, 
V2→C1; D, V4→C1; E, V1→C5; F, V3→C3; G, V2→C4. 
The corresponding energies are shown in Table 1 for com-
parison. The energies of the peaks agree well with that of 
the transition energies.  
To reveal the effects of interlayer coupling on the elec-
tronic and optical properties of graphyne, we calculated a  
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Table 1  The energies of absorption peaks and those of the transitions 
from valence bands to conduction bands 
Absorption peaks Energy (eV) Transitions Energy (eV) 
A 0.58 Band gap 0.46 
B 1.41 V1→C1 1.43 
C 2.61 V2→C1 2.78 
D 3.62 V4→C1 3.59 
E 4.95 V1→C5 5.05 
F 5.82 V3→C3 6.01 
G 6.20 V2→C4 6.10 
 
bulk graphyne by applying three-dimensional periodic con-
ditions. The supercell contains two graphyne layers with 
AB stacking sequence, which has been predicted as the 
most stable configuration of bulk graphyne [20]. Our calcu-
lations show that bulk graphyne has a small band gap of 
only 0.16 eV. The isosurfaces of the charge density pro-
jected onto the VBM and the CBM exhibit the same fea-
tures as those of single-layered graphyne. The smaller band 
gap of bulk graphyne than that of single-layered graphyne is 
due to the interlayer interaction in bulk graphyne. Similar 
results have also been found in graphite where the interlayer 
interactions result in band overlap and semimetallic behav-
iors of graphite [34]. The interlayer interactions also affect 
the optical properties of graphyne. The dotted line in Figure 
6(b) represents the ε2(ω) of bulk graphyne on the basal 
plane. It is evident that the ε2(ω) of bulk graphyne has simi-
lar profile as that of single-layered graphyne, but the inten-
sity of the first-peak is greatly increased compared to others. 
There is redshift of about 0.3 eV for the first-two peaks, 
which can be attributed to the interlayer coupling. It is 
noteworthy that in the present DFT calculations, neither 
generalized gradient approximation nor local density ap-
proximation functional can reproduce the binding energy 
and interlayer distance of layered materials [35,36], due to 
their faults in describing the van der Waals’ forces between 
layers. However, the variation trend of band gap of bulk 
graphyne in response to interlayer interaction revealed in 
this work is expected to be reasonable.  
3  Conclusions 
In summary, our first-principles calculations and TB model 
show that both single-layered and bulk graphynes are semi-
conductors with a moderate gap. The band gap originates 
from the inhomogeneous - binding between differently- 
hybridized carbon atoms. The effective masses of graphyne 
in the region near the band gaps are considerably small 
compared to typical semiconductors. The two main peaks in 
the ε2(ω) spectrum can be attributed to the direct transition 
between occupied and empty states at the small and large 
band gaps. The interlayer interactions in bulk graphyne 
narrow the band gaps, resulting in redshift of the two main 
peaks of ε2(ω) spectrum. 
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